(1/ p)Seol == -(1 / p) (dE / dx) where r e == e 2 /me 2 is the classical electron radius, me 2 is the electron rest energy, u is the atomic mass unit, f3 is the particle velocity in units of the velocity of light, Z and A are the atomic number and relative atomic mass of the target atom, and z is the charge number of the projectile. With standard numerical values for the various constants from Cohen and Taylor (1986) , one finds that 4'lTre2me2 / u has the value 0.307075 MeV cm 2 g-l.
The quantity L is called the stopping number. The factors preceding the stopping number take into account the gross features of the energy-loss process, whereas L takes into account the fine details. It is convenient to express the stopping number as the sum of three terms:
The first term is given by
where I is the mean excitation energy of the medium, C/Z is the shell correction, and 8/2 the density-effect correction. These quantities will be discussed further below. W m is the largest possible energy loss in a single collision with a free electron, given by 2me 2 f32
Wm == 2 X
I-f3
[1 + 2(m /M)(I -f32) -1/2 + (m /M)2]-1, (2.4) where m/M is the ratio of the electron mass to the mass of the incident particle and me 2 is the electron rest energy (0.511 MeV). If the factor in square 6 brackets in Eq. (2.4) is set equal to unity, the maximum energy transfer for protons is overestimated by only 0.1 percent at 1 MeV, and 0.23 percent at 1000 MeV. In the non-relativistic limit, Wm -2 mu 2 == 4(m/M)T.
In track structure calculations in radiobiology, restricted collision stopping powers are sometimes used, which include contributions only from inelastic collisions with energy transfers smaller than some fixed cut-off value, We (see, e.g., ICRU, 1970) . Restricted collision stopping powers are obtained by replacing Wm by We in Eq. (2.3). Ratios of the restricted to the total stopping power in water for various values of the cut-off energy, We, are given in Table 2 .1 for protons, and in Table 2 .2 for alpha particles.
Bethe's theory was derived on the basis of the first-order Born approximation. The term zL\ (Barkas correction) and the term z2L 2 (Bloch correction) take into account departures from this approximation, and are important only for low projectile velocities. When combined with the factor Z2 in Eq. (2.1), these terms involve a dependence on, respectively, the third and fourth power of the projectile charge, z. These terms were therefore originally called z 3 and z 4 corrections.
Bloch Correction
The stopping-power theory of Bloch (1933) was derived without use ofthe first-order Born approximation, and is valid when the projectile velocity is large compared to the velocities of the atomic electrons. To obtain Bloch's result, one must add to the term Lo in Bethe's theory a correction term, z 2L 2 , given by z2L 2 (f3) == _y2 L [n(n 2 + y2)]-1, (2.5) n = \ where y == za / f3.
(2 .6) and a == 1/137.036 is the fine structure constant. For small y, the Bloch correction can be approximated by z2L 2 (f3) == -y 2 [1.20206 -y2 (1.042 -0.8549y2 + 0.343 y 4»). (2.7)
In the limit oflarge y, the correction approaches the value -0.577 -Iny, and the Bloch theory then provides the transition to the classical stoppingpower formula of Bohr (1948) . 
Barkas Correction
The Barkas correction is proportional to an odd power of the projectile charge, and makes the stopping power for a negatively charged particle somewhat smaller than the stopping power for a positively charged particle with the same mass and velocity. The charge dependence of the stopping power was discovered by Barkas et ai. (1956) , who noted that the range of negative pions is longer than the range of positive pions of the same initial velocity. The explanation of 2.0 5.0 10.0 20.0 50.0 100.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 the effect as a departure from the first-order Born approximation was first proposed by Barkas et al. (1963) .
As a result of the Barkas and Bloch corrections, the ratio of the stopping power for an alpha particle to that for a proton of the same velocity is not exactly equal to 4 (the ratio of the squares of the respective charges), but is actually somewhat larger. This was first confirmed by Andersen, et ai. (1969a) , who derived values of the Barkas and Bloch corrections by fitting three-term polynomials in z (the charge number of the projectile) to their measurements of proton, alpha-particle, and lithium-ion stopping-power measurements at energies from 0.8 to 7.2 MeV. The first theory of the Barkas effect was developed by Ashley et al. (1972, 1973) , who carried out a classical non-relativistic calculation of the energy transfer from a passing heavy charged particle to a harmonic oscillator. These authors limited their treatment to distant collisions, for impact parameters larger than some chosen minimum value, on the assumption that close collisions would make a negligible contribution. Their results are expressed in the form
The factor ' Y comes from the use of the free-electrongas model (see, e.g., Bonderup, 1967) and is approximately equal to /2. The quantity b is a scaled minimum impact parameter, and typically has a value between 1 and 2. A tabulation of the function FARB can be found in Ashley et at. (1974) .
Other calculations of the Barkas effect were made by Jackson and McCarthy (1972) , who used an approach similar to that of Ashley et at. but a different cut-off procedure, and by Hill and Merzbacher (1974) , who applied a quantum-mechanical perturbation method to distant collisions. Lindhard (1976) argued that close collisions make a significant contribution to the Barkas effect, and would, in fact, almost double the corrections of Ashley et at. According to Andersen (1983 ,1985 and Bichsel (1990) , experimental Barkas corrections based on stopping-power data for protons, alpha particles and lithium ions are consistent with Lindhard's result, at least for atomic numbers Z < 50. However, the evidence is not yet conclusive. Sung and Ritchie (1983) calculated the Barkas effect for a free-electron gas by a quantum-mechanical method separately for close and distant collisions, and stated that the contributions from close collisions are unimportant. Basbas (1984) emphasized that it is probably not correct to treat the shell and Barkas corrections as unrelated effects. Mikkelsen and Sigmund (1989) made a rigorous quantum-mechanical calculation of the Barkas effect for a harmonic-oscillator target, which indicates that significant contributions to the effect arise from small as well as large values of the impact parameter.
Regardless of its significance, the minimum impact parameter, b, is treated here as an adjustable parameter which is chosen to provide good agreement with stopping-power measurements. The choice of band the simultaneous choice of the value of'Y are influenced by the choices made for shell corrections and mean excitation energies. Ashley et at. (1972, 1973) recommended the value b = 1.8. Ishiwari et at.
(1988a) adopted the values ' Y = 1.358 and b = 1.3, and Sakamoto et at. (1988) the values ' Y = 1.34 and b = 1.26. In the present work, the value ' Y = 1.29 was used together with values of the minimum impact parameter b listed in Table 2 .3 . For elements with high atomic numbers, Bichsel (1990) extracted the Barkas correction from measured stopping powers. He found that instead of using the Ashley-Ritchie-Brandt theory, it was more accurate to represent his results by the empirical formula (2.10)
For gold, the element for which the experimental input data are most abundant, the best fit was obtained using the valuesg[ = 0.002833 andg 2 = 0.6. These parameter values were used here for gold, and-on Bichsel's recommendation-for elements with atomic numbers Z ~ 64. For silver (Z = 47), the valuesg[ = 0.006812 andg 2 = 0.45 were used. Table 2 .3. Antiproton/proton stopping-power ratios for silicon were recently measured by L. H. Andersen et al. (1989) , and can be seen in Figure 2 .1b to be rather close to the calculated ratios.
Medenwaldt et al. (1991a) have made further measurements ofthe stopping power of silicon for antiprotons with energies between 0.2 and 3 MeV. They used these results to determine the Barkas correction, which was found to be about a factor of two larger than that calculated by Jackson and McCarthy (1972) a. Pion( -)/Pion( +) stopping. power ratios h. Anti·proton/proton stopping·power ratios have also reported measurements of the stopping power of gold for 0.2-to 3-MeV antiprotons, which indicate a large Barkas correction at energies around the electronic stopping-power maximum.
Shell Corrections
The stopping-power formula without a shell correction (Bethe, 1930) was derived on the assumption that the velocity of the projectile is large compared to the velocities of the bound atomic electrons in the target atom. As the velocity of the projectile decreases, the contribution to the stopping power from interactions with electrons in the K shell begins to fall off, and at even lower velocities the contributions from the L and higher shells are reduced.
Several approaches have been used to determine shell corrections. In the first of these methods, shell corrections are evaluated as sums of corrections for individual shells or subshells. The starting point is provided by calculations for inner shells with hydrogen-like wave functions (Walske, 1952 (Walske, , 1956 Khandelwal, 1968; Bichsel, 1967 Bichsel, , 1983 . The corrections for the outer shells are assumed to have a dependence on the velocity of the projectile similar to that for the outermost shell for which exact calculations are available. The scale factors are adjusted so that the predicted stopping-power values are in agreement with measured values. Such a scaling procedure (from the K to the L shell) was first suggested by Bethe and implemented by Hirschfelder and Magee (1948) . This approach was later systematically developed by Bichsel (1964 Bichsel ( , 1967 , who scaled from the L to all outer shells, and more recently from the M to all outer shells (Bichsel, 1991 (Bichsel, , 1992 . Similar scaling procedures were used by Janni (1982a Janni ( , 1982b , Porter and Bryan (1984 ), and Porter (1985 , 1987 .
A second method of obtaining shell corrections relies on the stopping-power calculations of Bonderup (1967) based on the free-electron gas model of Lindhard and Scharff (1953) and Lindhard and Winther (1964) . When Bonderup's results are cast into the form of the Bethe stopping-power formula, shell corrections can be extracted. These shell corrections have been used in the analysis of stopping-power measurements by Andersen et al. (1977a Andersen et al. ( , 1977b , Shiomi et al. (1986 ), Ishiwari et al. (1988a , 1988b ), and Sakamoto et al. (1988 .
A third method, used by McGuire (1982 McGuire ( , 1983 , consists of extracting shell corrections from stopping powers derived in the Born approximation. This work avoided the use of hydrogenic wave functions, and was based on the calculation of generalized oscillator strengths for the excitation and ionization of various atomic shells.
A fourth method consists of fitting measured stopping powers to a stopping-power formula with a parametrized shell correction. This was done by Andersen and Ziegler (1977) in their critical examination of all proton stopping-power measurements for elements. Their shell corrections implicitly also include the Barkas and Bloch corrections.
In the present work, two variants of the first method were used. These were developed by Bichsel and are designated here as Modell (used for elements with atomic numbers Z < 64) and Model 2 (used for elements with Z ~ 64).3 Shell corrections for molecules were obtained by additively combining shell corrections for the atomic constituents. No allowance was made for a possible interaction between shell corrections and Barkas corrections.
Shell Corrections from Modell
Modell was used earlier in ICRU Report 37 (lCRU, 1984) . In this model, K-shell corrections are taken from the calculations of Walske (1952) and Khandelwal (1968) , and L-shell corrections from Walske (1956) Values of the adopted scale factors H j are given in Table 2 .5. As has been shown in ICRU (1984) , the shell corrections from Model 1 are close to those of Bonderup for elements of atomic numbers Z ;S 50, but are considerably smaller for Z :::: 50.
Shell Corrections from Model 2
In Model 2 (Bichsel, 1991 (Bichsel, , 1992 , the K-shell corrections used are the same as in Model 1; the L-shell corrections are calculated separately for the subs hells L I , LII and L m , and the M-shell corrections separately for the five subs hells M I , MIl, MIll, M lv and Mv (Bichsel, 1983) . The correction for the eight electrons in the N h N II and N III subshells is approximated by (2.14)
The correction for the 10 electrons in the N lv and N v subshells is approximated by 
Mean Excitation Energies
The mean excitation energy, I, is a quantity independent of the properties of the projectile, and depends only on the properties of the medium. As shown by Bloch (1933) for the Thomas-Fermi model of the atom, it is proportional to the atomic number, 1= IoZ, with 10 approximately equal to 10 eV. Accurate ab initio calculations of I have been done so far only for atomic gases with low atomic numbers. In general, the mean excitation energies are obtained from experimental data.
The mean excitation energy enters logarithmically into the stopping-power formula. Therefore, the relative change of the stopping power is generally smaller than the corresponding relative change ofthe I-value, except at rather low energies. This is illustrated in Figure 2 .2, which shows the percent reduction of the stopping power for protons that results from a I-percent increase of the I-value.
The most frequently applied method of obtaining I-values is to extract them from measured stopping powers or ranges, using a stopping-power formula. This method has the advantage that a large body of experimental data is available. It has the disadvantage that the shell corrections and Barkas corrections are usually not known independently with the desired accuracy, and must be determined together with the mean excitation energy. This difficulty is absent only at very high energies where the shell and Barkas corrections become negligibly small.
Another important method is to determine I-values from experimental data on the interaction of photons with matter. This method has inherently greater accuracy than the analysis of stopping-power measurements, but the number of materials for which the required input data are available is more limited.
For gases, the mean excitation energy can be obtained from the expression
( 2.17) where df/dE is the density of optical dipole oscillator strength per unit excitation energy, E, above the ground state. The oscillator strength is proportional to the photo-absorption cross section, for which abundant experimental data are available. Zeiss et at. (1977a, 1977b) used this approach to obtain mean excitation energies for many gases. For materials in the condensed phase, the analogous formula for the mean excitation energy is 2 r' "
In 1= --2 In wIm [ -1/E(w) 
Mean Excitation Energies for Elements
Many sets of recommended I-values for elements have been published during the past thirty years. By way of example, Figure 2 flect not only the improvement of the experimental database and advances in the method of analysis, but also different subjective judgments.
In ICRU Report 37 on electron stopping powers (lCRU, 1984) , estimates of I-values are given for all elements. These estimates were based on information from stopping-power measurements for protons, deuterons and alpha particles, as well as from oscillatorstrength distributions and dielectric-response functions. These I-values have been retained in the present work, and are listed in Table 2 .8. Figure 2 .4 illustrates the non-smooth Z-dependence of the ratio Io = I /Z, implicit in the adopted I-values .
Three new determinations of I-values for elements should also be considered. A group at Nara University (Sakamoto et aI., 1988) deduced I-values for 21 metallic elements from their stopping-power measurements with 6.5-MeV protons. These authors used Bonderup's shell corrections combined with Barkas corrections according to Ashley et aI. (1972 Ashley et aI. ( , 1973 in their analysis. Bichsel (1991 Bichsel ( , 1992 , in the course of developing his shell-correction Model 2, examined all available stopping-power measurements for protons and alpha particles at energies up to 20 MeV to obtain I-values for elements with atomic numbers Z 2 57. Sakamoto et aI. (1991) made stopping power measurements for 55-, 65-and 73-MeV protons and determined the I-values for ten metallic elements, using Bonderup's and Bichsel's shell corrections. In Table  2 .9, the I-values from these new analyses are compared with the I-values from ICRU (1984) .
The I-values deduced by Sakamoto et aI. (1988) , based on low-energy measurements, are close to the values adopted in ICRU Report 37 for atomic numbers Z < 50, but are smaller for high-Z elements. The estimates of Sakamoto et aI. (1991) , based on highenergy measurements, are higher than those in ICRU Report 37 for all atomic numbers. The estimates of Bichsel (1991) are higher than those in ICRU Report 37 for some elements, and lower for others. The relatively high I-values for Pb and U adopted in ICRU Report 37 were derived from the range measurements of Barkas and von Friesen (1961) for 750-MeV protons, and for Pb were also supported by the analysis of the range measurements for 620-MeV protons made by Vasilevskii and Prokoshkin (1967) . These I-values were considered reliable because they were obtained under conditions where shell corrections are quite small, so that their uncertainties do not affect the estimates of mean excitation energies. The results of Sakamoto et al. (1991) at 73 MeV provide support for the I-values adopted in ICRU Report 37 for high-Z elements. 4 ,5 Adopted 1-Values. The choice of mean excitation energies is influenced by the corresponding choices made for the shell and Barkas corrections. The following combinations have been used in the present work: Combination (1): Shell corrections from Modell;
I-values as recommended in ICRU Report 37 (ICRU, 1984) . Barkas corrections according to Ashley et al. (1972 Ashley et al. ( , 1973 , with values of the scaled impact parameter b as given in Table 2 .3. Combination (2): Shell corrections from Model 2;
I-values recommended by Bichsel (1991 Bichsel ( ,1992 ; empirical Barkas correction according to Eq. (2.10). The small differences between proton stopping powers ofhigh-Z elements (Gd, Ta, W, Pt, Au, Pb and U) obtained with these two combinations are shown in Table 2 .10. For these elements, combination (2) is preferable because it provides a better fit to measured 4 After the work on this report was completed, new I-values in many elements and in water became available, derived from the analysis of measured Bragg ionization curves for 70-MeV protons (H. Bichsel and T. Hiraoka, 1992) . These results were obtained under conditions where the shell corrections had very little influence, and are considered quite accurate. The Bichsel-Hiraoka I-values obtained at 70 MeV are close to those of Sakamoto et al. obtained at 55, 65, and 73 MeV. Except for Cu and Si0 2 , they are somewhat larger than those from ICRU (1984), but the differences mostly lie within the limits of error quoted in ICRU (1984) . One of the larger differences found pertains to liquid water, for which the new I-value is 80 ± 2 eV, compared to the old value of 75 ± 3 eV (based mainly on the analysis of dielectric-response-function data). If the shell corrections were left unchanged, the use of the new I-value would lower the proton stopping power by 2% at 1 MeV, 1.1 % at 10 MeV, 0.8% at 100 MeV, and 0.6% at 1000 MeV. Work in progress by Bichsel and Hiraoka suggests that significant differences in I-values will also be found for various organic materials. Finally, it should be mentioned that recent work by N. Sakamoto (private communication, June 1991) with 55-MeV and 65-MeV protons gives I-values in good agreement with his results at 73 MeV and with the results of Bichsel and Hiraoka. 5 The derivation of Bethe's stopping power formula depends on the use of sum rules for oscillator-strength distributions. For target atoms with high atomic numbers, in which the inner-shell electrons have relativistic energies, these sum rules require relativistic corrections. Such corrections were developed by Leung et al. (1986) , and were introduced by Leung (1989) into stopping power theory. Leung estimated that-with all other parameters in Bethe's theory left unchanged-the stopping power for gold would be increased about 2 percent as a result of relativistic effects. In the analysis of experimental stopping-power data, the inclusion of Leung's correction would reduce the estimated I-values and would also change the semi-empirical shell corrections. No attempt has been made to take into account such corrections in the present work.
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stopping powers at energies below 20 MeV, and because it extends the applicability of the stoppingpower formula down to lower energies (0.5 MeV for protons and 2 MeV for alpha particles). On the other hand, combination (1) is preferable because it gives better agreement with high-energy range and stopping-power measurements.
In the present tabulations, combination (1) was used for all elements except the following: for elements with atomic numbers Z = 47, 64, 74, 78, 79, 82, and 92, a compromise solution was adopted that involved the use of both combinations: (2) was used for proton energies below a cut-off energy of 25 MeV, and (1) was used for protons with energies above a cut-off energy of 100 MeV. Stopping powers in the intermediate energies region, 25 to 100 MeV, were obtained by cubic-spline interpolation. A similar procedure was used for alpha particles, with cut-off energies of 100 and 400 MeV.
Mean Excitation Energies for Compounds
Experimental data are often lacking from which I-values for compounds could be extracted. A simple alternative is to use Bragg's additivity rule (Bragg and Kleeman, 1905) . According to this rule, the mass stopping power for a compound can be approximated by a linear combination of the stopping powers for the atomic constituents:
(2.20)
where Wj is the fraction by weight and (Scod p)j the mass collision stopping power of the j'th constituent. The corresponding relation for the mean excitation energy is (2.21) where (2.22) Improved accuracy can be obtained by applying the additivity rule not to constituent atoms, but to molecular fragments or functional groups. I-values for atomic constituents that depend on the type of bonding were suggested by Thompson (1952) on the basis of the analysis of his range measurements for protons in many organic liquids, in water and in some solids. A theoretical approach to the modification of I-values in different chemical environments was recently developed by Oddershede and Sabin (1989) .
In ICRU Report 37 (ICRU 1984) , it was shown, through the examination of experimental I-values for 54 materials (13 molecular gases, 27 liquids and 14 solids), that the I-values for these materials could be 
Density-Effect Correction
The passage of the projectile particle polarizes the medium. The density-effect correction takes into account the reduction ofthe stopping power resulting from this polarization. The correction is large only when the kinetic energy of the particle is of the same order as or larger than the rest energy. For protons, it reaches the I-percent level only above 500 MeV. The density-effect correction was included in the tabulated stopping powers for pions, protons, and alpha particles, and was evaluated according to the method of Sternheimer (1952) . Further details can be found in ICRU (1984) and in Sternheimer et ai. (1982) . Table 2 .12 shows the reduction of proton and pion stopping powers in a few materials due to the density effect.
The dielectric-response function of the medium is the essential input for the calculation of the density effect. Sternheimer's method is based on a simplified model of the dielectric-response function, and can readily be applied to any materials because it requires knowledge only of the density and mean excitation energy of the medium, combined with approximate values of the binding energies of the electrons in different atomic shells. A few evaluations of the density-effect correction have been carried out which exploit experimental information about the dielectricresponse function: for aluminum by Inokuti and Smith (1982) , for liquid water by Ashley (1982) , and for silicon by Bichsel (1988) . The results differ only slightly from those obtained with Sternheimer's more approximate method, except at very low energies where the density-effect correction is, in any case, unimportant. As shown in ICRU (1984) , the use of Sternheimer's density-effect correction leads to errors in the electron stopping power of aluminum and water that are never greater than 0.5 percent, and much smaller at most energies. A similar conclusion holds for silicon. 
